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a b s t r a c t

Recent progress inmicrophone sensitivityhas dramatically increased theperformance of Fourier transform
mid-infrared photoacoustic spectroscopy (FTIR-PAS). This technique offers benefits over reflectance
spectroscopy techniques because the level of sample reflectance has little effect on the PAS signal. This also
means that it should be advantageous for soil analysis because of its highly opaque nature. However, only a
limited number of studies have so far applied FTIR-PAS to soil characterization and investigation is still
required into its potential to determine soil organic carbon (SOC) degradability. The objective of this study
was to assess the potential of FTIR-PAS for the characterisation of the labile fraction of SOC and more
classical soil parameters, such as carbon and clay content, for a range of 36 soils collected fromvarious field
experiments in Denmark. Partial least squares (PLS) regressionwas used to correlate the collected FTIR-PAS
spectrawith the proportion of soil organic carbonmineralised after 238 days of incubation at 15 �C and pF 2
(C238d) taken as an indicator of the labile fraction of SOC. Results showed that it is possible to predict total
organic carbon content, total nitrogen content and the labile fraction of SOC using FTIR-PAS with an ac-
curacy similar toor better thannear infrared (NIR) spectroscopy. FTIR-PASoffered the advantage overNIRof
allowing identification of chemical compounds that correlated positively or negatively with the labile
fraction of SOC. Spectral bands corresponding to aliphatic, methyl, amide III and polysaccharides com-
poundswerepositivelycorrelatedwithC238d,whereas bands corresponding to aromatics, amines, amides II
and carboxylic acids were negatively correlated with C238d. In conclusion, FTIR-PAS has proved to be a
powerful tool for characterising soil composition and its labile SOC fraction, offering several benefits over
reflectance spectroscopy techniques.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The persistence of soil organic matter is recognised as a major
ecosystem property due to its key role in earth carbon cycling, soil
quality and ecosystem services (Schmidt et al., 2011). Soil organic
carbon (SOC) stability is defined in terms of its resistance to mi-
crobial decomposition. It is typically studied using biological
methods such as the measurement of CO2eC evolution during
laboratory incubations, allowing a labile fraction of SOC decom-
posed during the incubation period to be separated from a stable
fraction (Paul et al., 2006; Thomsen et al., 2009). However these
methods are time consuming and there is still a need for reliable
techniques to be developed to characterise SOC stability, providing
both quantitative measurements and qualitative information, in
o.fr (C. Peltre).
order to improve understanding of the mechanisms controlling
SOC persistence.

Several spectroscopic methods have been used to characterise
and predict soil constituents and SOC stability. Near infrared
reflectance (NIR) spectroscopy has provided accurate predictions of
themineralisation of SOC (Chang et al., 2001; Thomsen et al., 2009),
exogenous organic matter (Peltre et al., 2011) and plant residues
(Bruun et al., 2005). However, one major drawback of NIR is that it
does not allow in-depth interpretation of the molecular vibrations
associated with spectral regions correlated with SOC stability. This
is due to the fact that absorption in the near infrared range
(800e2500 nm) originates from overtones and combination bands
of fundamental molecular vibrations where there is considerable
overlap (Wetzel, 1983). Mid-infrared spectroscopy (in the range of
4000e400 cm�1) allows the correct identification of spectral re-
gions corresponding to vibrations of specific functional groups.
Transmittance spectroscopy is the oldest mid-infrared method. For
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soil analysis, the method requires the preparation of pellets made
of finely ground soil mixed with KBr powder. Mid-infrared trans-
mittance spectroscopy has traditionally been used for molecular
characterisation of SOM (Stevenson, 1994; Gerzabek et al., 2006).
The use of mid-infrared spectroscopy has subsequently been
generalised to the prediction of diverse soil characteristics by the
development of mid-infrared reflectance (MIR) spectroscopy and
the improvement of computing power, allowing the calculation of
advanced chemometric methods such as partial least squares (PLS)
regression. Diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy and attenuated total reflectance Fourier transform
infrared (FTIR-ATR) spectroscopy allow the analysis of soil samples
without preparation of KBr pellets, which dramatically increases
the speed of analysis. Reflectance mid-infrared spectroscopy has
been shown to perform as well, if not better than NIR spectroscopy
for the prediction of diverse soil properties (Viscarra Rossel et al.,
2006; Soriano-Disla et al., 2013), and allows interpretation of the
spectral ranges used for predictions (Leifeld, 2006; Janik et al.,
2007; Cecillon et al., 2012). However, reflectance spectroscopy for
soil analysis raises some difficulties related firstly to the low
reflectance of some soils, and secondly to the high influence of
particle size and grinding (Stumpe et al., 2011). Therefore, soil
dilution with KBr powder has often been used to avoid spectral
distortion and nonlinearities in DRIFT spectra (e.g. Nguyen et al.,
1991; Capriel et al., 1995; van Groenigen et al., 2003). The FTIR-
ATR technique is also not optimal because of the poor optical
contact between soil particles and the ATR diamond probe and
because the limited area scanned generally makes it difficult to
integrate sample variability.

In the last three decades, progress in microphone sensitivity has
dramatically increased the performance of Fourier transform mid-
infrared photoacoustic spectroscopy (FTIR-PAS). This technique is
based on the absorption of an infrared beam by the sample,
creating absorption-induced heating, which in turn produces
thermal expansion-driven pressurisation in the surrounding gas,
known as the PAS signal. This is detected by a microphone and
computer-transformed into a spectrum (McClelland et al., 2006).
FTIR-PAS is particularly suited to dark samples, such as soil, organic
waste, manure or biochar, which typically have low reflectance.
Despite the high potential of FTIR-PAS for soil analysis, only a very
limited number of studies have applied FTIR-PAS for SOM charac-
terisation, and its potential for determining SOC degradability still
requires investigation (Churchman et al., 2010; Du and Zhou, 2011;
Pedersen et al., 2011; Du et al., 2013).

The objective of this study was to assess the potential of FTIR-
PAS for the characterisation of the labile fraction of SOC deter-
mined during aerobic laboratory incubation and more classical soil
parameters, such as total organic carbon, total nitrogen and clay
content, for 36 soils collected from various fields in Denmark
(Thomsen et al., 2009). The hypothesis was that FTIR-PAS can
predict SOC degradability with similar or greater accuracy
compared to NIR, while allowing in-depth interpretation of
chemical compounds that correlate positively or negatively with
the various soil constituents.

2. Materials and methods

The results of the incubation experiment in Thomsen et al.
(2009) were reused for the current study. For convenience the
soil samples and incubation procedure is described briefly below.

2.1. Soil samples

Three sets of soils were collected from 0 to 20 cm horizons of
arable fields across Denmark, in total 36 different soil samples
(Table 1). The first set of soils was retrieved in 2002 during
experimental treatments with varying organic matter (OM) inputs
with straw removal, straw incorporation or straw burning in Jyn-
devad, Askov and Rønhave and during experimental treatments
involving unfertilised, mineral fertiliser (NPK) and animal manure
amendment in the Askov long-term experiment. A second set
included soils sampled within fields with in-situ gradients in soil
texture or OM content. The Vildbjerg, Aulum and Lerbjerg sites
feature gradients of clay content, and the Sørvard site feature a
gradient of OM content. The third set of soils included soil retrieved
from single field samplings. A more detailed description of the soil
sample set can be found in Thomsen et al. (2009). The soils were air
dried and sieved <2 mm prior to further analysis.

2.2. Labile fraction of SOC determined during incubation
experiment

The soils were packed into a 100 cm�3 stainless steel cylinder by
sequentially filling four portions of soil into the cylinder. Each in-
dividual portion was compressed with a manual tamper before the
next portion was added. Soil water potential was adjusted to a
matric potential of �100 hPa (pF 2). The excess soil due to soil
swelling from adding water was trimmed to maintain a constant
volume of 100 cm�3. The final bulk density of the soil cores can be
found in Table 1 (Thomsen et al., 2009). The cylinders were then
placed in 2 L hermetically sealed jars with three replicates and
incubated at 20 �C for 238 days (34 weeks). The evolved CO2 was
trapped in 20 mL of 0.5 M NaOH which was periodically replaced
and titrated at days 3, 7, 14, 21, 28, 35, 42, 56, 70, 84, 105, 126, 147,
168, 189, 211 and 238. Thewater content of the soil was adjusted on
day 21 and subsequently after every second replacement of NaOH.
The cumulative amount of CO2eC evolved after 238 days was
expressed as a percentage of the initial SOC (C238d, Table 1) and
used as an indicator of the fraction of labile SOC.

2.3. Fourier transform mid-infrared photoacoustic spectroscopy
(FTIR-PAS) and near infrared (NIR) spectroscopy

FTIR-PAS spectra were recorded on archived air-dried and
<2 mm-sieved soils using a Bruker Tensor 27 spectrometer (Bruker
corp. Billerica, MA, USA) equipped with a PA301 photoacoustic
detector with a cantilevermicrophone (Gasera Ltd., Turku, Finland).
Spectra were recorded as an average of 32 scans within the spectral
range 4000e600 cm�1 in 2 cm�1 intervals. The soils were packed in
10 mm ring cups and inserted in the PAS detector with helium as
the purge gas to increase detector sensitivity.

The near infrared spectra were retrieved from a previous study
(Thomsen et al., 2009). Briefly, NIR spectra were recorded on a
NIRSystem 6500 spectrometer (Foss Tecator) in the range
400e2500 nm in 2 nm intervals. For this study, the visible part of
the spectra (400e799 nm) was removed because preliminary an-
alyses revealed better performance with only the NIR range
(800e2500 nm). The air-dried and 2 mm-sieved soils were packed
in 36 mm spinning ring cups and spectra were recorded as the
average of 16 scans. The spectra were converted from reflectance
(R) to absorbance (A) unit by A ¼ log (1/R).

2.4. Statistical analyses

A principal component analysis (PCA) of the FTIR-PAS spectra
was performed using R 2.15.3 with the ade4 package (Chessel et al.,
2004; R Development Core Team, 2012). Spectra were smoothed
using the SavitzkyeGolay algorithm on three data points on both
sides, and normalised by the sum of the absorbance on the whole
spectra prior to PCA analysis.
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Table 1
Soil designation, including field experiments and experimental treatment. Selected soil characteristics: texture, pH, organic C, total N (inmg g�1), C:N, Bulk density and fraction
of TOC evolved as CO2 after 238 days of laboratory incubation, taken as an indicator of the labile fraction of soil organic C (C238d).

Soil designation Clay (<2 mm) Silt (2e63 mm) Sand (63e2000 mm) pH TOC Total N C:N Bulk density C238d

(g kg�1) (g kg�1) (Mg m�3) (% of initial TOC)

Samplings within experimental treatments
Jyndevad (Humic Podzol)
Straw removed Jyn_SR 61 43 867 6.4 16.3 1.1 14.8 1.480 2.39
Straw incorporated Jyn_SI 56 53 862 6.8 16.9 1.2 14.1 1.442 2.64
Straw burned Jyn_SB 60 44 871 6.7 14.8 1.0 14.8 1.464 3.11
Askov (Stagnic Albeluvisol)
Straw removed Ask_SR 109 200 673 6.7 10.6 1.0 10.6 1.481 4.85
Straw incorporated Ask_SI 105 202 671 6.6 13.1 1.2 10.9 1.456 6.29
Straw burned Ask_SB 105 228 648 6.7 11.1 1.0 11.1 1.455 4.24
Rønhave (Orthic Luvisol)
Straw removed Røn_SR 143 337 503 6.5 10.1 1.2 8.4 1.435 4.36
Straw incorporated Røn_SI 133 330 520 6.6 10.1 1.2 8.4 1.438 4.97
Straw burned Røn_SB 142 329 509 6.8 11.6 1.4 8.3 1.404 6.10
Askov LTE
Unfertilised LTE_0 120 264 595 6.5 12.6 0.9 14.0 1.405 4.40
1 NPK LTE_NPK 126 249 605 6.5 11.5 1.0 11.5 1.356 5.74
1.5 N in animal manure LTE_AM 110 240 623 6.8 15.9 1.3 12.2 1.344 3.81
Sampling within a field with a textural or OM gradient
Vildjerg (Haplic Podzol to Stagnic Luvisol) Vild_CL1 73 122 782 6.6 13.7 1.2 11.4 1.415 3.39

Vild_CL2 129 114 728 6.6 17.1 1.5 11.4 1.354 2.78
Vild_CL3 185 130 650 7.0 20.7 1.8 11.5 1.294 3.02
Vild_CL4 237 200 528 7.0 20.8 1.7 12.2 1.314 4.00

Sørvard (Haplic Podzol) Sør_OM1 62 83 841 5.2 8.4 0.9 9.3 1.526 8.84
Sør_OM2 57 73 841 5.7 17.0 1.3 13.1 1.373 4.69
Sør_OM3 51 59 860 5.2 17.7 1.4 12.6 1.386 3.47
Sør_OM4 46 68 842 6.0 26.4 2.0 13.2 1.294 4.21

Aulum (Haplic Podzol) Au_CL1 46 51 892 6.0 6.6 0.6 11.0 1.552 7.81
Au_CL2 51 60 878 6.4 6.5 0.6 10.8 1.531 9.28
Au_CL3 94 231 654 5.9 12.3 1.0 12.3 1.375 6.69

Lerbjerg (Stagnic Luvisol to Stagnic Stagnosol) Ler_CL1 109 116 749 6.7 15.2 1.5 10.1 1.303 5.25
Ler_CL2 166 155 652 6.7 15.8 1.7 9.3 1.241 7.28
Ler_CL3 251 143 578 6.8 16.5 1.9 8.7 1.184 8.30
Ler_CL4 303 166 504 7.5 15.6 1.6 9.8 1.126 9.62
Ler_CL5 402 144 392 7.6 16.1 1.7 9.5 1.051 12.33

Single field sampling
Kvong (Arenic Umbrisol) Kvo 79 272 617 6.4 18.6 1.7 10.9 1.348 4.47
Lybæk (Arenic Umbrisol) Lyb 41 52 879 6.6 16.7 1.2 13.9 1.470 4.34
Kølkær (Densic Podzol) Køl 46 48 861 6.6 26.1 1.4 18.6 1.392 2.51
Tvis (Densic Podzol) Tvi 36 75 865 6.5 14.2 1.0 14.2 1.504 3.12
Fole (Stagnic Podzol) Fol 124 192 658 6.8 15.1 1.6 9.4 1.341 6.33
Bjerndrup (Gleyic Podzol) Bje 89 195 684 6.8 18.5 1.6 11.6 1.405 4.18
Dronninglund (Humic Dystric Cambisol) Dro 89 325 500 6.3 50.7 2.5 20.3 1.127 1.72
Nakskov (Gleyic Luvisol) Nak 186 303 474 6.9 15.6 1.7 9.1 1.328 5.64
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Partial least squares (PLS) regressions were carried out using
The Unscrambler software V. 10.3 (Camo Software, Oslo, Norway).
Because we aimed at keeping sample preparation to its minimum,
and at avoiding any alteration of soil organic matter, no additional
drying was performed prior to FTIR-PAS analysis. The residual soil
moisture might affect the absorption in the region
4000e3000 cm�1. This regionwas therefore excluded from the PLS
regression analysis in order to avoid adverse effects from residual
soil moisture. Preliminary analyses showed better PLS model per-
formance with just the 3000e600 cm�1 range, which agrees with
the findings of Leifeld (2006) who concluded that this bandwas not
contributing to the quantification of organic compounds. Mathe-
matical pre-treatment of the FTIR-PAS spectra prior to PLS regres-
sion analysis included smoothing using the SavitzkyeGolay
algorithm on three data points on both sides, as well as baseline
offset and normalisation by the area under spectra. The NIR spectra
were mathematically pre-treated by applying the SavitzkyeGolay
second derivative and smoothing four data points on both sides, as
suggested by Thomsen et al. (2009). For combined FTIR-PAS and
NIR model calibration, the previously mathematically pre-treated
FTIR-PAS and NIR data were juxtaposed in a single data table and
used as X-variables for PLS regression. Leave-3-out cross-validation
was computed on in order to determine the optimal number of
factors to retain in the PLS models and calculate validated pre-
dictions. The goodness of fit was assessed using the coefficient of
determination R2, root mean square error of cross validation on
calibration (R2 and RMSE) and cross-validated predictions (R2CV
and RMSECV). The ratio of performance to deviation (RPD) was
calculated as the ratio of standard deviation of measured data to
RMSECV. For soil analyses, a PLS model with an RPD ratio >2.5 can
be considered as good for prediction purposes, while an RPD be-
tween 2 and 2.5 can be considered as approximate and RPD <2 as
insufficient for prediction (Chang et al., 2001). The soil from the
Dronninglund site was removed from the PLS analysis for TOC and
total N prediction because it showed much higher TOC and total N
concentrations compared to the rest of the samples (50.7 g kg�1 for
TOC and 2.5 g kg�1 for total N, Table 1).

3. Results

3.1. Soil characteristics

The total organic carbon (TOC) content of the soils ranged from
6.5 to 50.7 g kg�1 (average 16.0 g kg�1), reflecting the different
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Table 2
Absorption bands in the mid-infrared range and functional groups or soil compo-
nents. Assignment based on literature studies. n denotes stretching vibration and
d bending vibration.

Wavenumber
(cm�1)

Vibration Functional group or component

3620 nOeH Clay mineralsaee

3600e2800 nOeH, nNeH Water, alcohols and phenols;
carboxyl and hydroxyl groups,
amidesf-t

3000e2800 nCeH Aliphatic methyl and methylene
groupsf-t

2520 CO3
2� Carbonatesf,k,o

2200e2000 Overtone nCOH Carbohydratesn

2000e1790 Quartz overtonesc

1720e1710 nC]O Carboxylic acidsf,j,l,n

1660e1640 nC]O Amidesd,l,n,o

1660e1600 nC]C Aromaticsi,j,m,o

1630 nHeOeH Clay-bound waterd,f

1610 dNeH Amined

1600e1570 nC]C, nCOO� Aromaticsf,i,o, carboxylatei

1570e1540 nNeH and nCeN
in plane

Amide IIi,l,o

1515 nC]C Aromaticsi,o

1465 nCeH Aliphaticsd, organo-clay complexess

1445e1350 nCeH Methylsd,n

1430 (1300e1500) nCO3
2� Carbonatesd,f,r

1393 nCOO� Carboxylaten (associated
with BC in soil)

1320e1230 nCeN Amide IIIi,o

1295e1220 nCeOH, CeH
in plane

Phenols, aromaticsd,i,n,q

1170e1060 nCeO Polysaccharidesi, nucleic acids,
proteinsi,m

1100e1000 nSieO Silicates (quartz)e,f,j,o

1050 dCeO Carbohydratesd,i,n

1030e950 nSieO Clay mineralso,s

975e675 dCeH out of plane Aromaticsl,p,q,t

915 dAleOH Kaolinite and smectitea,b,d

875 CeO out of plane Carbonateso

850e750 NH2 out of plane Primary amineo

800 SieO Quartze

750e700 NeH wag Secondary amineo

700 SieO Quartze

700e600 Iron oxidesf

aMadejova and Komadel, 2001; bNayak and Singh, 2007; cNguyen et al., 1991;
dViscarra Rossel and Behrens, 2010; eChurchman et al., 2010; fSoriano-Disla et al.,
2013; gEllerbrock and Gerke, 2004; hHaberhauer and Gerzabek, 1999; iCalder�on
et al., 2013; jPedersen et al., 2011; kBernier et al., 2013; lLeifeld, 2006; mMovasa-
ghi et al., 2008; nJanik et al., 2007; oSmidt and Meissl, 2007; pNiemeyer et al.,
1992; qD'Acqui et al., 1999; rDu and Zhou, 2011; sMadejov�a, 2003; tCoates, 2000.
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arable use of the soils (Table 1). The total N content of the soils
ranged from 0.6 to 2.5 g kg�1, the C:N ratio from 8.3 to 20.3 and the
clay content from 36 to 402 g kg�1. While most of the soils had a
sandy texture, the soils from the clay gradients at Vildjerg and
Lerbjerg displayedmuch higher clay contents, reaching amaximum
of 402 g kg�1 for the Ler_CL5 soil. The soils' pH ranged from 5.2 to
7.6 (average 6.5), which is typical for arable soils in Denmark. The
fraction of TOC evolved as CO2 after 238 days of incubation (C238d)
ranged from 1.72 to 12.33%, with 5.17% on average.

3.2. FTIR-PAS spectra

The spectra of the 36 soils generally featured common peaks,
but with different intensities (Fig. 1). The interpretation of the
major peaks, based on literature (Table 2) is detailed below. It
should be noted that some functional groups or molecule vibra-
tions relevant for interpreting SOC quality might not be visible
because they are only present as a shoulder or overlapping with
other bond vibrations. The application of chemometric statistics is
necessary to identify these regions and this is detailed in the sec-
tions below. The spectra featured a peak at 3620 cm�1 attributed to
the stretching vibration (n) of OeH in clay minerals; a broad band
spanning 3500e3000 cm�1 attributed to nOeH fromwater, alcohols,
carboxylic acids, phenols and nNeH from amides; twin peaks at 2920
and 2850 cm�1 superimposed with the broad nOeH band typically
attributed to nCeH of aliphatic methyl and methylene; three peaks
centred at 1990, 1875 and 1785 cm�1 corresponding to quartz
overtones; a broad peak centred at 1620 cm�1 spanning approxi-
mately the range 1740e1600 cm�1 gathering the overlapping vi-
bration of nC]O from carboxylic acids at 1720e1710 cm�1 and
amides at 1660e1650 cm�1; nC]C from aromatics between 1660
and 1600 cm�1 conjugated with nHeOeH from associated water at
1630 cm�1 and dNeH from amine at 1610 cm�1; a shoulder at
1540 cm�1 attributed to nCOOe, nNeH and nCeN from carboxylates and
amides and a peak at 1430 cm�1 corresponding to carbonates
superimposed on a methyls nCeH band at 1445e1350 cm�1. The
shoulder at 1235 cm�1 can be assigned to CeH in-plane vibration
from aromatic groups, whereas the large band spanning 1200e900
groups together the vibrations of nCeO from polysaccharides at
1170e1060 cm�1, nSieO from quartz at 1100e1000 cm�1 as well as
dCeO from carbohydrates at 1050 cm�1 and nSieO from clay minerals
at 1030e950 cm�1, dCeH from aromatics and dAleOH from kaolinite
and smectite at 975e800 cm�1. It is therefore a region with a large
number of overlaps. The region <800 cm�1 is dominated by the
Fig. 1. FTIR-PAS spectra for the whole soil sample set (n ¼ 36).
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vibration of minerals from carbonates, quartz and iron oxides, but
also contains aromatic CeH and amine NeH vibrations. References
for these spectral interpretations can be found in Table 2.

3.3. PCA analysis

Principal component analysis was performed in order to identify
the spectral regions explaining the major differences between soil
spectra. The first principal component (PC1) explained most of the
variance between spectra (80.5%, Fig. 2a). The loadings of PC1
indicated that this component was positively correlated with the
band at 3650 cm�1 attributed to nOeH in clay minerals, with the
band at 1020e950 cm�1 attributed to nSieO from quartz and clay
minerals, with the band at 950e600 cm�1 dominated by the vi-
bration of dAleOH in clay minerals at 915 cm�1, carbonates at
875 cm�1, iron oxides at 700e600 cm�1 together with aromatic and
amine vibrations, probably of minor intensity in this region
compared to themineral components (Fig. 3a, Table 2). The PC1was
Fig. 2. Scores plot of principal component analysis based on FTIR-PAS spectra: a)
partitioning the 36 soil samples within the plane defined by the two first principal
components (PCs); b) clustering the data into three levels of clay content: low clay
(36e62 g kg�1), medium clay (73e124 g kg�1) and high clay (126e402 g kg�1).

Fig. 3. Loadings of the principal component analysis based on FTIR-PAS spectra (see
Fig. 2): a) loadings of the first principal component (PC1) explaining 80.5% of spectral
variance; b) loadings of the second principal component explaining 9.7% of the spectral
variance.
negatively correlated with bands assigned to organic compounds:
the aliphatics band at 3000e2800 cm�1, the bands centred at 1715,
1545 and 1360 cm�1 corresponding to carboxylic acids, carboxylate
and amide II and aliphatics respectively. The second principal
component (PC2) explained 9.7% of the total variance. The loadings
of PC2 indicated that this component was positively correlatedwith
the band at 3630 cm�1 attributed to nOeH in the clay together with
the broad nOeH band at 3600e3000 cm�1 related to water, alcohols
and phenols, with the band at 1635 cm�1 assigned to clay-bound
water and aromatics, with band at 1425 cm�1 assigned to carbon-
ates andmethyls andwith the carbonate band at 872 cm�1 (Fig. 3b).
PC2 was negatively correlated with the region 3000e2500 cm�1

containing aliphatics CeH vibration, with the quartz overtone
peaks at 1985, 1870 and 1770 cm�1, the aromatic band at
1236 cm�1, and the band at 1036 cm�1 that could be assigned to
quartz and carbohydrates. The negative correlation of PC2 with the
band related to quartz is consistent with the low sand content of
the Ler_CL3, Ler_CL4 and Ler_CL5 samples having the highest score
values on PC2 (Table 1, Fig 2a). From the analysis of the PCA load-
ings, it appeared that claymineral content had a major influence on
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the principal spectral features of these soils. This was clearly visible
when grouping the soils between three levels of clay content on the
PCA plane: low clay, medium clay and high clay with ranges of clay
content being 36e62 g kg�1, 73e124 g kg�1 and 126e402 g kg�1

respectively (Fig. 2b). The different groups of clay were separated
on PC1, with low-clay soil located on the left side of the PCA plane,
whereas the medium-clay soil was located around the centre of the
plane and the high-clay soil on the right side of the plane. The PC2
seemed to differentiate soils from the high-clay group, especially
soils from the Lerbjerg experimentwith a clay gradient (Ler_CL1e5)
for which the samples with increasing clay content orientated to-
wards the top of the PCA plane. This may reflect an increasing
concentration of clay minerals (band at 3630 cm�1) principally
illite, smectite and vermiculite as measured in these soils in
Schjønning et al. (1999). It could also reflect a decreasing concen-
tration of sand, and possibly a higher carbonate content in these
soils. This strong influence of mineral matter on the spectra renders
the direct identification and interpretation of spectral bands related
to organics difficult. Unravelling these therefore necessitates the
use of chemometric statistical methods.
Fig. 4. Measured values vs. FTIR-PAS-predicted values for the calibration set (black dots, bla
for total organic carbon content (TOC, a.); total nitrogen content (c.) and clay content (e.) e
number of samples. Regression coefficients of the PLS regression for total organic carbon c
3.4. FTIR-PAS prediction of C, N and clay content

PLS regressions were computed using all soils except the soil
from the Dronninglund site for TOC and total N content showing
outlying TOC and total N values (see section 2.4). The Jyn_SI soil was
also removed for all PLS regression analyses due to its differing
spectral feature as shown by PCA analysis, which could excessively
influence the calculation of PLS regression models (Fig. 2a). PLS
regression produced a fair prediction model for C content, with
R2CV ¼ 0.72 and RPD ¼ 1.9 (Fig. 4a). Organic C content was posi-
tively correlated with the bands at 2925e2850 cm�1, correspond-
ing to nCeH from aliphatics, with the band at 1760e1630 cm�1

centred at 1720 cm�1 corresponding to nC]O from carboxylic acids
and amides, with the band at 1630e1515 cm�1 centred at
1570 cm�1 attributed to nNeH from amide II together with nC]C of
aromatics, carboxylates and dNeH of amine, with the band at
915 cm�1 corresponding to aromatics overlapping with dAleOH from
kaolinite and smectite and to a lower intensity with bands at 805
and 695 cm�1 that could be attributed to NH2 out of plane from
primary amines and NeH wag of secondary amines. Soil C content
ck regression line) and for cross-validated predictions (white dots, grey regression line)
xpressed as g kg�1 of soil dry weight. nf denotes the number of PLS factors and n the
ontent (b), total nitrogen content (d) and clay content (f).
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was negatively correlated with the bands at 2500 cm�1 attributed
to carbonates, with the quartz band at 1800 cm�1, with the broad
band spanning 1260e1060 cm�1 with a maximum at 1150 cm�1

that probably corresponds to nSieO from quartz overlapping with
nCeO from polysaccharides, nucleic acids and proteins. It was also
negatively correlated with the band at 730 cm�1, which could be
ascribed to quartz vibrations (Fig. 4b, Table 2).

A slightly lower fraction of the variance in total N content was
predicted compared with TOC, with R2CV ¼ 0.68 and RPD ¼ 1.8
(Fig. 4c). Total N content was positively correlated with the band at
1760e1610 cm�1 centred at 1675 cm�1 corresponding to nC]O from
amides and carboxylic acids, with the band at 1570 cm�1 attributed
to nNeH and nCeN from Amide II, with the band spanning
1430e1190 cm�1 including the vibration of nCeN from amide III
together with aromatics and phenols, with the band at
960e800 cm�1 attributable to aromatic rings, primary amines and
dAleOH from clay minerals with the band centred at 670 cm�1 that
could correspond to NeH wag from secondary amine even though
it has been reported at slightly higher wavenumber in the literature
(750e700 cm�1), or to iron oxides reported at 700e600 cm�1 in
literature. Total N was also slightly positively correlated with the
aliphatic band at 2925e2850 cm�1. It was negatively correlated
with the band at 2500 cm�1 ascribed to carbonates, with the band
at 1480 cm�1 attributed to carbonates, aliphatics and possibly
organo-clay complexes, with the bands at 1150 and 1050 cm�1

probably chiefly corresponding to nSIeO from clayminerals, with the
band spanning 800e700 cm�1 centred at 755 cm�1 that could be
attributed to nSieO from quartz (Fig. 4d, Table 2).

As was to be expected from the PCA analysis results, a relatively
large fraction of the variance in the soil clay content was predicted,
with R2 ¼ 0.90 and RPD ¼ 3.2 (Fig. 4e). The regression coefficients of
the PLS regression model revealed that clay content was positively
correlated chiefly with the bands at 1520e1370 cm�1 with a
maximum at 1440 cm�1 ascribed to carbonates and nCeH in organo-
clay complexes, with the band at 1640 cm�1 corresponding to
nHeOeH from clay-bound water, with the band at 1230 cm�1 assigned
to aromatics and with the band at 950e820 cm�1 containing the vi-
bration of dAleOH from kaolinite and smectite, together with dCeH and
dCeO out of plane from aromatics and carbonates. It was also slightly
positively correlated with the band at 2520 cm�1 assigned to car-
bonates and with the band at 1826 cm�1 possibly corresponding to
fine quartz minerals (Fig. 4f, Table 2). The soil clay content was
negatively correlated chiefly with the band at 1725 cm�1 assigned to
carboxylic acids, with the band at 1580 cm�1 assigned to nC]C from
aromatics and nCOOe, with the band at 1320e1150 cm�1 centred at
Fig. 5. Measured values vs. FTIR-PAS-predicted values for the calibration set (black dots, blac
for the fraction of TOC evolved as CO2 after 238 days of laboratory incubation, taken as an in
factors and n the number of samples. Regression coefficients of the PLS regression models
1230cm�1 ascribed to nCeN fromamides,CeHinplane fromaromatics
and nCeOH from phenols, with the band at 805e675 cm�1 corre-
sponding to amines, and quartz vibration. It was also slightly nega-
tively correlated with the nCeH aliphatics band at 2925e2850 cm�1

and with the band at 1880 cm�1 ascribed to quartz overtone.

3.5. FTIR-PAS prediction of the labile fraction of SOC

PLS regression for the labile fraction of SOC (proxied by the
CO2eC evolved after 238 days of incubation: C238d) yielded fair
prediction models, with R2CV ¼ 0.61, RPD ¼ 1.6 and
RMSECV ¼ 1.50% (Fig. 5a). The study of the PLS regression co-
efficients for C238d prediction revealed that the fraction of labile C
was chiefly positively correlated with the absorbance at
1520e1400 cm�1 that could be ascribed to aliphatics and methyls
nCeH or to carbonates. It was also slightly positively correlated with
the carbonate band at 2520 cm�1, with the band at 1245 cm�1

attributed to amide III (vCeN), with the polysaccharides band at
1110 cm�1 and to the band at 875 cm�1 attributed to carbonates
(Fig. 5b, Table 2). The labile fraction of SOC was chiefly negatively
correlated with the band at 1620e1520 cm�1 centred at 1580 cm�1

attributed to nC]C from aromatics, carboxylates and nNeH and nCeN
from amide II and dNeH from amines. It was also negatively corre-
lated with the aliphatics band at 2925e2850 cm�1, with the car-
boxylic acids band at 1720 cm�1 and with the band at 795 cm�1

probably corresponding to dCeH out of plane from aromatic rings.

3.6. Comparison of FTIR-PAS and NIR predictions

The performance of PLS models based on FTIR-PAS spectra was
compared with the performance of PLS models based on NIR
spectra and combined FTIR-PASeNIR spectra. The results showed
that FTIR-PAS-based PLS models yielded a slightly better perfor-
mance for TOC, total N and labile fraction of SOC (C238d) compared
with NIR-based models (higher RPD and R2CV, lower RMSECV,
Table 3). Conversely, clay content was better predicted with NIR
than with FTIR-PAS, with RPD ¼ 3.8 and 3.2 respectively (Table 3).
Combining FTIR-PAS and NIR spectra only improved the prediction
performance for TOC, with RPD ¼ 2.1, R2CV ¼ 0.77 compared to
RPD ¼ 1.9 and R2CV ¼ 0.72 for FTIR-PAS-based model. It is possible
that the combination of FTIR-PAS and NIR spectra for the PLS model
calibration could be addressed more effectively by applying more
advanced data fusion techniques, such as outer product analysis
(OPA), reducing the number of variables by combining FTIR-PAS
and NIR spectra into a single infrared fingerprint (Barros et al.,
k regression line) and for cross-validated predictions (white dots, grey regression line)
dicator of the labile fraction of soil organic C (C238d) (a). nf denotes the number of PLS
based on FTIR-PAS spectra for C238d (b).



Table 3
Performance of PLS regression prediction models based on FTIR-PAS spectra, NIR
spectra and combined FTIR-PAS þ NIR spectra. nf denotes the number of factors in
the PLS model and n the number of samples. Performance calculations are based on
cross-validation results.

Y variables X variables n nf R2CV RMSECV RPD

TOC (g kg�1) FTIR-PAS 34 5 0.72 2.41 1.9
NIR 34 3 0.62 2.79 1.6
FTIR-PAS þ NIR 34 8 0.77 2.16 2.1

Total N content (g kg�1) FTIR-PAS 34 5 0.68 0.20 1.8
NIR 34 9 0.65 0.21 1.7
FTIR-PAS þ NIR 34 7 0.66 0.21 1.7

Clay (g kg�1) FTIR-PAS 35 5 0.90 24.7 3.2
NIR 35 9 0.93 21.2 3.8
FTIR-PAS þ NIR 35 5 0.93 21.8 3.7

C238d (% initial TOC) FTIR-PAS 35 6 0.61 1.50 1.6
NIR 35 3 0.53 1.61 1.5
FTIR-PAS þ NIR 35 7 0.60 1.55 1.5
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1997; Cecillon et al., 2012). However, an approach of this kind was
not attempted here.

4. Discussion

4.1. Validity of FTIR-PAS combined with PLS regression for
predicting soil properties and deriving information on soil chemical
composition

Principal component analysis revealed that the variance be-
tween FTIR-PAS spectra was mostly explained by soil mineral ma-
trix (Fig. 2). It is therefore necessary to use chemometric methods
as PLS regression to identify regions related to specific organic
components from FTIR-PAS spectra. The PLS regression models
produced in this study for TOC and total N showed lower accuracy
compared to the values reported by Soriano-Disla et al. (2013) in a
review of using MIR and NIR spectroscopy for predicting soil
properties. This could be due to the narrow range of values in the
present dataset, limiting the possibility of obtaining large R2 values.
However, applying a similar statistical procedure, FTIR-PAS per-
formed slightly better than NIR for predicting TOC, total N and
C238d. Better prediction results could be obtained by applying jack-
knife techniques or other variable selection methods for removing
non-significant wavelengths in PLS models (e.g. Martens and
Martens, 2000). However this is risky without proper verification
of model robustness using an independent validation set of sam-
ples. Unfortunately, this could not be achieved in this study due to
the relatively few soil samples in our dataset, which only allowed us
to use cross-validation. It is important to highlight that producing
models for operational predictions is beyond the scope of this
study, which was merely to assess the potential of FTIR-PAS for
building prediction models and interpretation of the regression
coefficients of the PLS models. Studying these coefficients made it
possible to assess the relationships between predicted soil con-
stituents and functional groups and molecules contributing to the
prediction, which is a prerequisite for producing robust and
transferable prediction models. TOC was chiefly positively corre-
lated with the spectral bands ascribed to aliphatics, carboxylic
acids, amides and aromatics, which represent the major carbon
forms in soil (von Lützow et al., 2006). Total N was also positively
correlated with themajor soil nitrogenous compounds: amides and
amines. Clay content was mostly correlated with spectral bands
related to clay minerals, clay bound water or organo-clay com-
plexes. Overall, the analysis of the PLS regression coefficient for
TOC, total N and clay content showed the consistency between the
chemical bonds/compounds used for prediction and the constitu-
ents to be predicted. It confirms that FTIR-PAS can be used to
interpret the chemical composition of organic and mineral frac-
tions of soil. Another advantage of FTIR-PAS is makes it possible to
finely characterize the surface of soil particles and allows depth
profiling analysis. These features could be used in a future study to
specifically characterize the organic molecules on surface coatings
of soil particles as opposed to those incorporated into micro-
aggregates (McClelland et al., 2006; Churchman et al., 2010; Du and
Zhou, 2011).

4.2. Use of FTIR-PAS to characterize the chemical composition of the
labile fraction of SOC

The labile fraction of SOC, here proxied by the CO2eC evolved
after 238 days of incubation (C238d) was chiefly positively corre-
lated with the band at 1520e1400 cm�1, which could be ascribed to
aliphatic and methyl compounds (Fig. 5b, Table 2). Aliphatics and
methyls of plant origin are considered as intrinsically easily
degradable (Smidt and Meissl, 2007; Marschner et al., 2008), but
aliphatics are non-specific compounds that also originate from
microbially-processed OM which might be stabilised in soil
(Grandy and Neff, 2008). The later might explain the negative
correlation found between the labile fraction of SOC and the
aliphatic band at 3000e2800 cm�1, which could correspond to
microbially-derived aliphatic compounds. Aliphatics vibrations in
the region of 3000e2800 cm�1 have also been shown to be an
important constituent of the clay sized fraction of SOC, which
typically has a slow turnover time (Balesdent, 1996; Leifeld, 2006).
This is supported by the review of Amelung et al. (2008), showing
that aliphatics have a highly variable residence time in soil. The
bands at 1520e1400 cm�1 could also be ascribed to carbonates,
which is supported by the positive correlation of C238d with the
bands at 2520 and 875 cm�1, also ascribed to carbonates. Most of
the soils had a pH ranging from neutral to slightly acidic, and are
therefore not likely to contain carbonates. Only the Ler_CL4 soil
(pH¼ 7.5) and the Ler_CL5 soil (pH¼ 7.6) from the Lerbjerg site had
pH of 7.5 and 7.6 are likely to contain carbonates (Table 1). These
two soils also had the highest C238d values (9.62 and 12.33% of
initial TOC, respectively, Table 1). It is therefore likely that the
positive correlation found between C238d and spectral bands
assigned to carbonates originate from covariance due to the influ-
ence of these two soils on the PLS model calculation rather than
from an actual chemical relationship between labile SOC and car-
bonates. The labile fraction of SOC was also slightly positively
correlated with spectral bands related to amides and poly-
saccharides. The latter are considered as intrinsically labile even
though they can also be found in stabilized SOC (Amelung et al.,
2008).

The most important correlation between the labile fraction of
SOC and FTIR-PAS spectra was the negative correlation with the
band at 1620e1520 cm�1. This band is attributed to aromatics,
carboxylates, amide II (nNeH and nCeN in plane) and amines. The
labile fraction of SOC was also negatively correlated with the band
at 1720 cm�1 ascribed to carboxylic acids and with the band at
795 cm�1 attributed to aromatics. In a previous study, Janik et al.
(2007) found the band at 1597e1570 cm�1 to be correlated with
char-C, confirming the highly aromatic nature of C vibrating in this
region. The negative correlation of the labile fraction of SOC with
carboxylic acids, carboxylate and aromatic groups could be
explained by these compounds being protected against biodegra-
dation due to the recalcitrant nature of aromatic structures, due to
organo-mineral associations, since these groups are reactive for
interaction with mineral surfaces, most probably through poly-
valent cation bridges with clay surfaces, or due to the hydrophobic
surfaces of aromatic and carboxylic-C, reducing surface wettability
and thus reducing the accessibility of OM to microorganisms and
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their enzymes (von Lützow et al., 2006). The negative correlation of
labile SOC with amines and amides confirms the abundance of
nitrogenous compounds in stabilized SOC reported by several
studies (Rillig et al., 2007; Amelung et al., 2008; Knicker, 2011).
Nitrogenous compounds such as amino sugar are probably of mi-
crobial origin in soil, as plants do not contain significant amount of
amino sugars (Amelung et al., 2008).

5. Conclusions

FTIR-PAS spectroscopy offers the advantage over reflectance
spectroscopy that sample opacity has little effect on the PAS signal,
thatmakes itparticularlyattractive for soil characterisation. FTIR-PAS
performed similar to orbetter thannear infraredspectroscopy for the
prediction of total organic carbon, total N content and the fraction of
labile soil organic carbon, while the prediction of clay content was
better using NIR spectroscopy. FTIR-PAS spectroscopy offers the
advantage over NIR that it is possible to identify and interpret the
functional groups and molecules that are positively or negatively
correlated with the constituent for prediction purposes by inter-
preting the regression coefficients of the PLS regression models.
These coefficients revealed a close agreement between the predicted
constituents and the chemical species contributing to the prediction
for total organic C, totalN andclay content. This kindof verification of
the agreement between the spectral regions used in prediction
models and the soil organic matter chemistry is crucial if over-
calibration of the models is to be avoided and regression models
are to be transferred to other sets of samples. The identification and
interpretation of the spectral bands that correlated positively and
negativelywith the labile fractionof soil organic carbon revealed that
bands corresponding to aliphatic, methyls, amide III (nCeN) and
polysaccharideswere positively correlatedwith the labile fraction of
SOC, whereas bands corresponding to aromatics, amides II, amines
and carboxylic acidswere negatively correlatedwith this fraction. An
interpretation of this kind therefore provided an advance in under-
standing of the chemical composition of labile C in soil, which is a
fraction that is difficult to separate experimentally.

Overall, this study provided proof of the concept that FTIR-PAS
spectroscopy can be added to the set of spectroscopic tools used
to predict soil properties both quickly and inexpensively, including
SOM lability or stability after the proper calibration of regression
models, and used to characterise soil organic matter.
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